Purpose: The purpose of this study was to determine whether low-kilovoltage (80 or 100 kV) computed tomography (CT)-guided interventions performed in a community-based hospital are feasible and to compare radiation exposure incurred with conventional 120 kV potential. Materials and Methods: Effective doses (ED) received by patients who underwent CT-guided intervention were analysed before and after a low-dose kilovoltage protocol was instituted in our department. We performed CT-guided procedures of 93 consecutive patients by using conventional 120-kV tube voltage (50 patients) and a low voltage of 80 or 100 kV for the remainder of this cohort. Automatic tube current modulation was enabled to obtain the best image quality. Procedure details were prospectively recorded and included examination site and type, slice width, tube voltage and current, dose length product, volume CT dose index, and size-specific dose estimate. Dose length product was converted to ED to account for radiosensitivity of specific organs. Statistical comparisons with test differences in the ED, volume CT dose index, size-specific dose estimate, and effective diameter (patient size) were made by using the Student t test. Results: All but 6 of the procedures performed at 80 kV were successful, for a success rate of 86%. At lower voltages, the ED was significantly (P < .01) reduced, on average, by 57%, 73%, and 65% for the pelvic, chest, and abdomen procedures, respectively. Conclusion: A low-dose radiation technique by using 80 or 100 kV results in a high technical success rate for pelvic, chest, and abdomen CT-guided interventional procedures, although dramatically decreasing radiation exposure. There was no significant difference in effective diameter (patient size) between the conventional and the low-dose groups, which would suggest that dose reduction was indeed a result of kVp change and not patient size.
In recent years, results of epidemiologic studies have indicated that 0.5%-3% of all cancer cases could be attributed to medical radiation exposure [1e3]. Even though computed tomography (CT) accounts for only 15% of all radiologic examinations in the United States, CT is responsible for more than 50% of the total medical imaging radiation exposure [4] . This is alarming in light of 10% annual increase in the use of CT in the United States [4] . Although the radiation exposure during CT-guided interventional procedures forms a small fraction of total CT radiation dose delivered [4] , patients can receive considerably high radiation doses during these procedures [5] . Therefore, it is essential to modify protocols used during CT-guided interventions to administer the minimum radiation while maintaining adequate image quality.
The radiation exposure to the patient during CT examination is directly proportional to the x-ray tube current, the square of the tube voltage, and the duration of the procedure [6] . Typically, CT interventions are performed by using the same x-ray tube parameters as those used during diagnostic imaging, even though high-resolution images are not often required. Therefore, modification of these parameters can theoretically reduce radiation exposure at the possible expense of image quality [6] . In fact, Lucey et al [7] demonstrated that reduction of the tube current to 30 mA during CT-guided catheter placements and biopsies allowed for a 6-8efold decrease in radiation dose without compromising technical success. Similarly, Smith et al [8] showed that reduction of the tube voltage to 100 kV with the fixed current of 15 mA resulted in a 95% reduction in radiation exposure during CT-guided percutaneous lung biopsies. Reducing the tube voltage further, to 80 kV, has been successfully reported in CT-guided periradicular injections in the lumbar spine [9] and in CT-guided lung biopsies [10] . To our knowledge, however, there are no reports of CT-guided interventions with reduced voltage protocols for all performed procedures. Therefore, our aims were first to assess the feasibility of performing all CT-guided interventions in our community-based hospital with reduced tube potential of 80 kV instead of the conventional 120 kV, and second to evaluate the effect of such a technique on radiation exposure to patients.
Materials and Methods

Study Design and Patient Population
This study was approved by our institutional review board, and a waiver of informed consent was obtained in this retrospective analysis (Research Ethics Board approval no. H11-00155). A list of all the patients who underwent clinically indicated CT-guided interventional procedures in the department of radiology in a busy community hospital was obtained from health records. Given the published evidence of the success of performing CT-guided biopsy at lower doses [7e10], we had previously switched our protocol to low dose (80 kV) whenever feasible. For the last 50 patients before we switched our protocol, all the procedures were conducted with the x-ray tube voltage set to the routine value of 120 kV. For the second group of 43 patients, the voltage was set to 80 kV (37 patients), and, if image quality was not adequate to complete a procedure, then voltage was increased to 100 kV (6 patients). Automatic tube current modulation was enabled to allow for best image quality. All the patients had a limited diagnostic study (targeted to the affected area) at 120 kV immediately before the intervention, and each procedure was performed by 1 of 4 general radiologists with 4-15 years of experience. The procedures were done as a conventional CT-guided biopsy and/or intervention, and not as CT fluoroscopy. A radiofrequency ablation procedure and cecostomy were excluded from the final analysis given their more complex nature. All of the interventions were performed on a 16slice multidetector CT scanner (Lightspeed; GE Healthcare, Buckinghamshire, UK). The scanning parameters were rotation time, 0.8 seconds; beam collimation, 20 mm; section thickness and intervals, 2.5 mm; helical pitch, 1.375 (1.75 for lung biopsy); table movement, 27.5 mm/rotation (35 mm/ rotation for lung biopsy); and scanning field of view, 40-52 cm. At 120 kV, the noise index for the abdomen was 14 with a dose step of 4.5 and a minimum/maximum mA of 90/400. For the pelvic cases done at 120 kV, the noise index was 18, with a dose step of 0.08 and minimum/maximum mA of 100/440. For the chest cases performed at 120 kV, the noise index was 23, with a dose step of e5.05 and a minimum/ maximum mA of 70/300. When the kV was changed to low dose (80 or 100 kV), the noise index and minimum/maximum mA remained the same for abdomen, pelvis, and chest procedures. We do not routinely record the patient's weight, although the patient's weight is asked for by the technologists before the intervention because patients who weigh more than 200 kg (440 pounds) are not placed on the table due to the table's weight limit.
Data Collection and Statistical Analysis
The following information was collected for each examination: patient sex, age, examination type, slice width, x-ray tube voltage (kV), current (mA), dose length product (DLP), effective dose (ED), volume CT dose index (CTDIvol), and size-specific dose estimate (SSDE). DLP and CTDIvol were provided by the scanner system, and DLP was converted to the ED to account for radiosensitivity of specific organs by using coefficients reported by Shrimpton [11] , which were 0.0059, 0.014, 0.015, and 0.015 mSV/mGYcm for procedures that involve the neck, chest, abdomen, and pelvis, respectively. SSDE was calculated from the CTDIvol and dose coefficients based on the anteroposterior (AP) dimension, the lateral dimension (LAT), and the effective diameter (square root of the product of AP and LAT) of each patient [12] .
The data were separated into groups based on the anatomic region examined (ie, neck, chest, abdomen, and pelvis). EDs at 80 and 100 kV were combined and then compared with the corresponding values at 120 kV. Statistical analysis was performed by using commercially available statistical software (InSTAT, version 3.06; Graphpad Software, San Diego, CA). The patient population in the 2 voltage groups as well as those within each anatomic region group were compared to determine significant differences in age and sex by using the Fisher exact test and the Mann-Whitney test. A difference was considered significant when the P value was <.05. Finally, statistical comparisons to test differences in the ED, CTDIvol, SSDE, effective diameter (patient size), and tube current between the 2 cohorts in each anatomic group were made by using the Student t test. A difference was considered significant when the P value was <.01.
Results
Patient demographics and the procedure performed are summarized in Table 1 . There was only 1 patient who required a procedure in the neck region during the 80-kV phase of the study. Therefore, we were not able to assess the impact of voltage reduction on the radiation exposure in this anatomic region because insufficient data were obtained. There were no differences in age and sex between the 120 kV and the low voltage (80 and 100 kV) groups. All the patients in the study underwent only 1 procedure. Interventional procedures analysed included chest, spine, abdomen, and pelvis, which are summarized in Table 1 . There were no significant differences in age and sex within each group. As shown in Table 1 , for 6 of the 43 patients in the low-dose group, the procedures were performed with tube voltage increased to 100 kV to obtain better image quality. For all 6 of these patients, the targeted sites for biopsy and/or intervention were either too small for accurate intervention or the target was not well seen at 80 kV. Beam-hardening artifact from the needle or artifact from other causes (eg, instrumented spinal rods, external leads) did not play a role. Because these procedures were distributed among anatomic regions, we were not able to analyse them further in terms of patient characteristics, type of procedures involved, and the effect on the radiation dose. The DLP, ED, CTDIvol, SSDE, and effective diameter comparisons between 120 kV and low dose (80 or 100 kV) techniques are presented in Table 2 .
Pelvic, abdomen, and chest interventions had significantly lower doses when using the lower voltage (80 or 100 kV) protocol compared with the standard 120 kV protocol ( Table 2 ). In addition, there was no significant difference between patient effective diameter between the cohorts in all 3 groups (pelvic, abdomen, and chest). Examples of images obtained from patients at 120 kV immediately before performing CT-guided interventions are illustrated in Figures 1-3 .
Discussion
The options available for radiation dose reduction during CT-guided interventional procedures include modification of technical parameters, such as reducing tube voltage, tube current, or reducing exposure time by adjusting slice thickness, increasing the pitch, or decreasing the number of acquisitions and length of the procedure [6] . Although modification of tube parameters can diminish obtained image quality, diagnostic images are often reviewed before procedures, and, therefore, optimal image quality is not always necessary during the intervention. Therefore, an increased level of noise by lowering voltage may not hinder the ability of experienced, general radiologists to complete procedures. In this study, we questioned if all the CT-guided interventions could be performed by only adjusting tube voltage to 80 kV while allowing tube current to be adjusted automatically. Analysis of our results suggests that, by lowering the tube voltage to 80 or 100 kV instead of the conventional 120 kV, adequate image quality to allow for performing procedures was obtained in 86% of cases. More importantly, reducing the tube voltage resulted in a reduction of 57%, 73%, and 65% in the effective radiation dose for interventions in the pelvis, abdomen, and chest, respectively. This is expected because the radiation dose change is proportional to the square of the voltage change.
The challenge that arises with decreased tube potential is the inherent increase in the noise. However, increasing tube current can improve image quality [13] , and this was the rationale for allowing the tube current to be adjusted automatically in this study. The reason that we set the voltage to 80 kV is due to literature evidence that diagnostic quality images can be obtained with adjustment of current [14] . When keeping in mind that reduction of voltage results in an exponential decrease in exposure, whereas current is directly proportional to the radiation dose, further reduction in voltage while increasing current can have significant overall reduction in radiation dose.
Even with the recent emphasis placed on lowering exposure levels during CT [5,7,13e18] strategies put forth to reduce exposure can be overlooked during CT-guided interventions because these are often performed by using diagnostic settings. With multidetector CT, the correct balance must be struck between quantum mottle (noise) and radiation dose. Although there are a number of variables that we could have changed in this study to reduce exposure (such as slice thickness or pitch), our aim was to use a practical approach for interventional procedures for busy community hospitals.
In our study, in addition to using conventionally accepted metrics of dose, DLP, ED, and CTDIvol, we also reported our dose estimates by using SSDE. The ED is derived from measurements in an idealized phantom that integrates the relative weighting of the radiosensitive organs. Although the ED is often quoted in the estimation of patient dose from a particular CT, it is intended to represent the dose to a population and does not represent morphometrics of an individual patient. CTDIvol and DLP metrics continue to be used universally to report and compare relative patient dose estimates because CTDIvol and DLP metrics are sensitive to changes in scanning parameters such as tube current, tube voltage, pitch, bowtie filter selection, and scan length [19e22] .
CTDIvol is not a metric of patient dose but represents radiation produced by the CT scanner [23, 24] . CTDIvol measurements are based on 2 phantom models of polymethylmethacrylate that measure 16 cm and 32 cm in diameter, which were intended to represent the adult head and adult body, respectively. An obvious limitation of CTDIvol is that it does not take into consideration information about patient size. The challenge with dose estimates with CTDIvol in the pediatric population is in determining which phantom to use for pediatric body imaging applications. The use of the 32-cm phantom presumably underestimates the dose that a pediatric patient receives [25] . The American Association of Physicists in Medicine Task Group 204 developed and released correction factors (based on data from 4 different research teams) that can be used to better estimate patient dose during a CT whether the patient is a small or large adult or a pediatric patient [12, 26, 27] . The dose coefficients of the 4 individual groups were remarkably consistent, which gave confidence to the approach for SSDE. SSDE uses 4 different measurements of torso thickness to represent patient size: the AP dimension, the LAT, the sum of the dimensions (AP plus LAT), and the effective diameter (square root of the product of AP and LAT).
Brady and Kaufman [26] tested the variation among the different measurements of torso thickness proposed to estimate patient size and dose, and concluded that the combination of the AP and LAT dimensions, either the sum or square root of the product, produced less variability in SSDE than did either measurement when used individually. They also showed that, with pediatric patients, traditional CTDIvol calculations were accurate predictors of SSDE for patients who weighed 36 kg or less (with a 16-cm phantom) and for patients who weighed 100-140 kg (with a 36-cm phantom) and, therefore, do not require SSDE conversion. However, SSDE calculations are required for patients who weigh between 36 and 100 kg, and for those who weigh more than 140 kg [26] . Therefore, what SSDE provides is in ensuring that the average patient effective diameter between groups is the same. So, although we do not routinely record patient weight for CT-guided interventions, the fact that there was no significant difference in effective diameter (patient size) between the conventional and the low-dose groups would suggest that dose reduction was indeed a result of kVp change and not patient size.
Although the SSDE is a better estimate of patient dose than CTDIvol, it is still not ideal and the accuracy is believed to be within 20% when assuming the operator correctly identifies the size of the CTDI phantom used by the scanner to calculate the displayed CTDIvol [28] . Nevertheless, in our study, when either metric of ED or SSDE was used, both demonstrated significantly lower doses in the low-dose cohort compared with the 120-kV group. The results obtained may not apply for complex procedures (such as radiofrequency ablation) or biopsy and/or treatment of small lesions in which accuracy is paramount. Our study is limited because the patients were not randomized into conventional 120 kV and low-voltage groups. However, there were no significant differences between patients' age and sex between the 2 groups. We were not able to assess the feasibility and benefits of performing procedures in the neck region by using the 80 kV in the neck region because there were not adequate numbers of patients in this group.
In summary, we have shown that, by reducing tube voltage to 80 or 100 kV, 86% of all CT-guided procedures can be performed successfully while reducing the radiation dose by 57%, 73%, and 65% for pelvic, chest, and abdomen intervention, respectively. These decreases in radiation dose are seen whether the dose is measured with ED, CTDIvol, or SSDE.
